Enterovirus 71 (EV71) recruits various cellular factors to assist in the replication and translation of its genome. Identification of the host factors involved in the EV71 life cycle not only will enable a better understanding of the infection mechanism but also has the potential to be of use in the development of antiviral therapeutics. In this study, we demonstrated that the cellular factor 68-kDa Src-associated protein in mitosis (Sam68) acts as an internal ribosome entry site (IRES) trans-acting factor (ITAF) that binds specifically to the EV71 5= untranslated region (5=UTR). Interaction sites in both the viral IRES (stem-loops IV and V) and the heterogeneous nuclear ribonucleoprotein K homology (KH) domain of Sam68 protein were further mapped using an electrophoretic mobility shift assay (EMSA) and biotin RNA pulldown assay. More importantly, dual-luciferase (firefly) reporter analysis suggested that overexpression of Sam68 positively regulated IRES-dependent translation of virus proteins. In contrast, both IRES activity and viral protein translation significantly decreased in Sam68 knockdown cells compared with the negative-control cells treated with short hairpin RNA (shRNA). However, downregulation of Sam68 did not have a significant inhibitory effect on the accumulation of the EV71 genome.
IMPORTANCE
The nuclear protein Sam68 is found as an additional new host factor that interacts with the EV71 IRES during infection and could potentially enhance the translation of virus protein. To our knowledge, this is the first report that describes Sam68 actively participating in the life cycle of EV71 at a molecular level. These studies will not only improve our understanding of the replication of EV71 but also have the potential for aiding in developing a therapeutic strategy against EV71 infection.
H
and-foot-and-mouth disease (HFMD) is a common viral illness in infants and children. The disease causes fever and skin rash or blister-like eruptions (1) . HFMD is caused by viruses that belong to the Enterovirus genus of the Picornavirus family, which mainly includes coxsackieviruses and echoviruses (1, 2) . Enteroviruses, especially enterovirus 71 (EV71), have been associated with HFMD and may lead to disease with severe effects on morbidity and mortality (3) and a high rate of neurological complications, such as aseptic meningitis, acute flaccid paralysis, and fatal neurogenic pulmonary edema (4, 5) . The first EV71 strain (BrCr-CA-70) was isolated in 1970 in California and reported in 1974. Since then, HFMD outbreaks caused by EV7 have been reported from countries as diverse as the United Kingdom, Australia, Sweden, Bulgaria, Japan, Hong Kong, Taiwan, and Malaysia (6) . Although molecular diagnostic methods of detecting EV71 have recently been developed (7) (8) (9) , no specific therapy has been developed to treat this virus disease, partly due to the fact that the molecular mechanism by which EV71 induces infection remains elusive.
EV71 is a small, nonenveloped virus with a genome size of about 7,400 nucleotides (nt). The virus has a single-stranded positive-sense RNA containing a single open reading frame (ORF), flanked by a highly structured 5= untranslated region (5=UTR) and a 3=UTR with a poly(A) tail. The ORF encodes a polyprotein that, following viral protease-mediated co-and posttranslational processing, gives rise to four structural proteins (VP1, VP2, VP3, and VP4) and seven nonstructural proteins (NSPs) (2A, 2B, 2C, 3A, 3B, 3C, and 3D) (6) . EV71 enters into cells via specific receptors: human P-selectin glycoprotein ligand 1 and scavenger receptor B2 (10, 11) . After infection of the host cells, the EV71 genome, which lacks a 5= cap but has an internal ribosome entry site (IRES) in its 5=UTR, is translated in a cap-independent manner into a single polyprotein, which is subsequently processed by the virus-encoded proteases 2A pro and 3C
pro into the structural capsid proteins and the nonstructural proteins. The latter are involved mainly in the replication and translation of the viral RNA (12) (13) (14) (15) . During virus replication, the genomic RNA not only directs the synthesis of the viral polyprotein but also serves as the template for RNA synthesis as well as packing into virions. These processes must be regulated by viral and host cell factors for efficient replication of the virus. Studies of other picornaviruses, including poliovirus, have revealed that the processes of translation and RNA replication cannot occur simultaneously on the same RNA molecule, indicating that there may be a molecular switch to shut down RNA replication and allow initiation of translation (16) (17) (18) . The IRES-mediated initiation of translation allows viral RNA translation while host cell translation is shut down during infection. Virus translation appears to be mediated by interactions resulting from cellular and viral factors binding to the virus 5=UTR (19, 20) . Lin et al. (21) identified 12 cellular proteins that interact with the 5=UTR of EV71. Among these proteins, heterogeneous nuclear ribonucleoprotein K (hnRNP K), polypyrimidine tract-binding protein (PTB), poly(rC)-binding protein 1 (PCBP1), PCBP2, the autoantigen La, and upstream N-ras protein (Unr) had previously been shown to interact with the 5=UTRs of various picornaviruses and to regulate virus translation or replication.
Lin et al. (21) have proved that hnRNP K is enriched in the cytoplasm where EV71 virus replication occurs so as to interact with the EV71 5=UTR and participate in virus replication. Yang et al. (22) found that hnRNP K interacts specifically with the 68-kDa Src-associated protein in mitosis (Sam68) under basal conditions. Sam68 belongs to the signal transduction and activation of RNA (STAR) protein family and the hnRNP K homology (KH) domain family of RNA-binding proteins (23) . The KH domain is the second most prevalent RNA binding motif in proteins (24) . Sam68 has been suggested to participate in cell cycle and signaling, cell growth, alternative splicing (25) , and virus replication (26) . Sam68 is also involved in several RNA metabolic processes, such as pre-mRNA splicing and trafficking (27) . The Sam68 protein is composed of 443 amino acids and contains one KH domain and several proline-rich sequences that are the sites of protein-protein interactions with SH3-and WW domain-containing proteins (28) . Sam68 is not a shuttling protein and is confined to the nucleus as a result of a specialized domain identified as the C-terminal 24 amino acids termed the nuclear localization signal (NLS) (29) . Interestingly, Sam68 relocalized from the nucleus to the cytoplasm and interacted with the poliovirus RNA polymerase during poliovirus infection (30) . The binding of Sam68 to the footand-mouth disease virus (FMDV) IRES during infection could potentially enhance translation of the viral RNA (31) . Furthermore, Sam68 can significantly enhance the translation of retrovirus genes by marking the viral RNA transcripts (32) . In our study, we have demonstrated that Sam68 was translocated to the cytoplasm and colocalized with EV71 during virus infection. These observations, in combination with the known RNA-and proteinbinding properties of Sam68, led us to test the hypothesis that Sam68 has a functional role in the replication of EV71. The results of the electrophoretic mobility shift assay (EMSA) presented in this paper showed that Sam68 could bind to the EV71 5=UTR of the genome. We also found that Sam68 interacted with the IRES of the EV71 genome and facilitated the translation of viral RNA. These results indicated that Sam68 plays multiple important roles in the life cycle of EV71.
MATERIALS AND METHODS

Cells and virus.
Human rhabdomyosarcoma (RD) cells were cultured in minimum essential medium (MEM). HeLa and human glioma U251 cells were maintained in Dulbecco's modified Eagle's medium (DMEM). Both MEM and DMEM contained 10% fetal bovine serum (FBS), 100 g/ml penicillin, and 100 g/ml streptomycin. All cells were cultured at 37°C in a humidified atmosphere containing 5% CO 2 . EV71 virus (BrCr-Tr strain; GenBank accession number AB204852.1) was kindly provided by Qi Jin (Institute of Pathogen Biology, Chinese Academy of Medical Science & Peking Union Medical College, Beijing, China). For EV71 purification, the virus was inoculated onto confluent monolayer RD cells for 2 h at 37°C with occasional shaking. The cells were then incubated in MEM supplemented with 2.5% FBS until an 80% cytopathic effect (CPE) was reached. After an initial centrifugation at 2,000 ϫ g for 5 min, the cell pellet was subjected to three cycles of freezing and thawing, followed by centrifugation to collect the supernatant. Polyethylene glycol (M r , 6,000) was added to the supernatant to a final concentration of 8% for 2 h, followed by centrifugation at 12,000 ϫ g for 2 h. The precipitated virus was resuspended in RNase-free double-distilled H 2 O (ddH 2 O), and aliquots were stored at Ϫ70°C (33) .
Sam68 protein and antibodies. Glutathione S-transferase (GST)-tagged full-length Sam68 (P01) was purchased from Abnova. Mouse anti-EV71 VP1 monoclonal antibody (MAB979) was purchased from Millipore. Rabbit monoclonal anti-Sam68 (2981-1) antibody was purchased from Epitomics. Mouse monoclonal anti-PCBP2 (ab110200) and mouse monoclonal anti-poly(A)-binding protein (anti-PABP) (ab6126) was purchased from Abcam. Mouse anti-Flag monoclonal antibody (M2008) was purchased from Abmart. Mouse ␤-actin monoclonal antibody (ZM-0001), goat anti-mouse secondary antibodies conjugated to horseradish peroxidase (HRP) (ZB-2305), goat anti-rabbit secondary antibodies (ZB-2301) used for Western blotting, goat anti-rabbit secondary antibodies conjugated to fluorescein isothiocyanate (FITC) (ZF-0311), and goat anti-mouse secondary antibodies conjugated to tetramethyl rhodamine isothiocyanate (TRITC) (ZF-0313) used for immunofluorescence were all purchased from Beijing Zhongshan Biotech, China.
Plasmid construction and in vitro transcription of RNA probes. To construct full-length and different truncated forms of Sam68, the corresponding DNA templates were amplified and cloned into the KpnI and EcoRI sites of the pcDNA3.0-Flag vector, resulting in the corresponding Flag fusion proteins. To prepare the T7-EV71-5=UTR and its various deletion constructs, cDNA fragments of the corresponding 5=UTR sequences were amplified by reverse transcription-PCR (RT-PCR) using an EV71 sense primer containing the T7 promoter sequence (TAATACGAC TCACTATAG) and cloned into the pMD19-T vector (TaKaRa) by TA cloning. As these cDNA sequences are located downstream of the T7 polymerase promoter, the corresponding RNAs can be produced and labeled with [␣-32 P]UTP or bio-16-UTP using the MEGAscript T7 kit (Ambion), according to the protocol provided by the manufacturer.
Electrophoretic mobility shift assays. RNA binding reactions and electrophoretic mobility shift assays (EMSAs) were performed as described previously but with some modifications (34) . The purified RNA probes were refolded by melting at 80°C, followed by gradual cooling down to room temperature. 32 P-labeled RNA (40 to 100 nM) was incubated with the indicated amount of purified Sam68 in an RNA binding buffer (5 mM HEPES [pH 7.5], 25 mM KCl, 2 mM MgCl 2 , 0.1 mM EDTA, 3.8% glycerol, 2 mM dithiothreitol [DTT], 0.5 mg/ml bovine serum albumin [BSA], 0.5 mg/ml heparin, 0.25 mg/ml Escherichia coli tRNA, and 5 U of RNasin RNase inhibitor [Promega]) for 30 min at 30°C. The resulting ribonucleoprotein (RNP) complexes were analyzed by electrophoresis in 5% native polyacrylamide (29:1 acrylamide-bisacrylamide) gels containing 5% glycerol and 0.5ϫ Tris-borate EDTA for 1 h. RNAs were detected by exposing the dried gels to a phosphorimager screen.
Biotin RNA pulldown assay, RNA-protein coimmunoprecipitation, and RT-PCR. Cells were washed two times with phosphate-buffered saline (PBS) and disrupted with radioimmunoprecipitation assay (RIPA) lysis buffer (150 mM NaCl, 50 mM Tris-HCl [pH 8.0], 1% Nonidet P-40, and 0.5% deoxycholate supplemented with 1 minitablet of Complete protease inhibitor cocktail per 50 ml buffer). Cell lysates were centrifuged at 12,000 ϫ g for 10 min to harvest supernatants for further analysis. Protein assays were performed on all supernatants by using the Bradford method. For biotin RNA pulldown assay, the harvested cell extracts were incubated at 37°C with 12.5 pmol biotinylated EV71-5=UTR RNA probe in an RNA binding mixture buffer (5 mM HEPES [pH 7.5], 40 mM KCl, 0.1 mM EDTA, 2 mM MgCl 2 , 2 mM DTT, 1 U RNasin, and 0.25 mg/ml heparin) for 15 min in a total volume of 30 l, then added to 400 l streptavidin MagneSphere paramagnetic particles (Promega), and incubated for 10 min at room temperature to allow binding. After the protein-RNA probe complexes were washed three times with RNA binding buffer without heparin, 30 l of 2ϫ SDS-PAGE loading buffer (100 mM Tris [pH6.8], 4% SDS, 20% glycerol, 200 mM DTT, 0.2% bromophenol blue) was added to the beads and incubated for 10 min at room temperature to dissociate the proteins from the RNA. The samples of eluted proteins were then boiled, subjected to 15% SDS-PAGE, and analyzed by Western blotting.
For RNA-protein coimmunoprecipitation analysis, cell extracts prepared as described above were preincubated with protein A-agarose on ice for 1 h to bind nonspecific protein. The nonspecific protein complexes were pelleted by centrifugation at 1,000 ϫ g at 4°C for 10 min. The supernatant was recovered, and 100-l samples were each diluted with 450 l of RIPA lysis buffer and then either added to 5 l of the indicated antibody or 5 l of buffer containing no antibody before being incubated on ice for 2 h. Prewashed protein A-agarose (100 l) in PBS (agarose-PBS [50:50] ) was then added to each sample and incubated on ice for an additional hour. RNA-protein coimmunoprecipitation complexes were pelleted by centrifugation at 1,000 ϫ g at 4°C for 5 min and washed three times with lysis buffer. Each pellet was resuspended in 400 l of proteinase K buffer (100 mM Tris-HCl [pH 7.5], 12.5 mM EDTA, 150 mM NaCl, and 1% SDS) and incubated with 100 mg of predigested proteinase K for 30 min at 37°C. RNA was extracted from the samples with TRIzol reagent (Invitrogen) and dissolved in 20 l diethyl pyrocarbonate (DEPC)-treated H 2 O. RT-PCR of the RNA was performed using a PrimeScript one-step RT-PCR kit (TaKaRa) and primers specific to EV71 5=UTR (ATTGAGCTAG TTAGTAGTCCTCCG and AATAGCTCTGTTTGACACTGGATGG). RT-PCR using primers specific to ribosomal protein S16 (RPS16) (GCG CGGTGAGGTTGTCTAGTC and GAGTTTTGAGTCACGATGGGC) served as a control.
Confocal microscopy analysis. Cells were cultured to 80% confluence on 9-mm glass coverslips (Thomas Scientific) in 48-well plates and incubated with purified EV71 at the indicated multiplicity of infection (MOI). At the indicated time points, the cells were prepared for microscopy as follows. The cells were fixed with 4% paraformaldehyde for 15 min, quenched with 100 mM glycine for 15 min, permeabilized with 0.1% Triton X-100 for 15 min, and blocked with PBS containing 10% goat serum plus 1% BSA for 2 h. The cells were washed three times with PBS and incubated with either diluted rabbit anti-Sam68, mouse anti-PCBP2, mouse anti-PABP, or mouse anti-EV71 VP1 monoclonal antibodies, followed by either goat anti-rabbit secondary antibody conjugated to FITC (green) or goat anti-mouse secondary antibody conjugated to TRITC (red). The cells were then washed extensively with PBS before being incubated for 10 min in PBS containing 1% BSA and 0.1% 4=,6=-diamidino-2-phenylindole (DAPI) to stain the nuclei. The cells were examined and images were captured using 100ϫ objectives with a confocal microscope (Leica SP8). The images were refined and figures were generated using Adobe Photoshop software (Adobe Systems, San Jose, CA).
Effects of RNA interference and overexpression of Sam68 on virus replication and virus yield. Two human RNA interference (RNAi) targeting sequences were each cloned into the RNAi-Ready pSIREN-RetroQ to generate the corresponding RNAi-ready pSIREN-RetroQ-Sam68 (Sam68 shRNA). The RNAi targeting sequences were Sam68 ShRNA#1 (GGACCACAAGGGAATACAATC) and Sam68 ShRNA#2 (GCATCCA GAGGATACCTTTGC) (synthesized by Invitrogen) as described previously (35) . shGFP (shRNA against green fluorescent protein [GFP]) (Invitrogen) was used as the negative-control shRNA. Plasmid transfections were carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Briefly, cells at 80% confluence were transfected with plasmids using Lipofectamine 2000 that was diluted in serumfree Opti-MEM (Invitrogen). Five hours later, the medium was replaced with fresh serum-containing medium. The cells were then either transfected with Sam68 shRNA (or control shRNA) and screened in 2 g/ml puromycin (Sigma) or transfected with Flag-Sam68 (or Flag-EV) and screened in 400 g/ml antibiotic G418 (Sigma). Expression of Sam68 was detected using rabbit monoclonal anti-Sam68 antibody. To assess the effects of the shRNA treatments and overexpression of Sam68 on virus replication, cell monolayers transfected with the respective plasmids were infected with EV71 at an MOI of 1. Following virus absorption for 1 h, the inoculum was removed, and new medium was added to the cells. The virus-infected cells were harvested after incubation for 24 h at 37°C. Virus proteins in infected cells were detected by Western blotting using mouse EV71 VP1 monoclonal antibodies, and virus titers were determined by plaque assay as previously described (36) . The 50% tissue culture infective dose (TCID 50 ) per milliliter was obtained by plotting the plaque assay results in a logarithmic scale using Microsoft Excel (Microsoft). All assays were performed three times.
Luciferase reporter assay. A dual-luciferase reporter assay kit (Promega) was used. A bicistronic reporter plasmid, pRFH-EV71-5=UTR, containing the EV71 IRES between Renilla luciferase (RLuc) and firefly luciferase (FLuc) was constructed by ligating a NotI-EV71 5=UTR-NotI fragment into pRHF. Cells in which Sam68 was knocked down or overexpressed as described above were transfected with either pRFH-EV71-5=UTR or pRFH using Lipofectamine 2000. At 48 h after cotransfection, the cells were harvested and examined for either reduction or overexpression of Sam68 by Western blotting. The activities of the RLuc and FLuc reporter genes were measured using a Veritas luminometer (Promega). As the expression of RLuc is driven by the cytomegalovirus (CMV) promoter while the expression of FLuc is dependent on EV71 IRES activity, the ratio of the FLuc expression level to the RLuc expression level in a sample represents the relative translation efficiency of the EV71 IRES of that sample. For capped bicistronic mRNA containing a poly(A) tail reporter or monocistronic RNA reporter assay, cells transfected with the corresponding plasmid were cultured for 3 days and then transfected with RNA. After 6 h posttransfection, cells were harvested, lysed, and Western blotted for Sam68, Flag, and ␤-actin.
Semiquantitative and quantitative reverse transcription-PCR. Total RNA was reverse transcribed into cDNA by using a reverse transcription system (Promega). Semiquantitative reverse transcription-PCR (semiqPCR) was performed using a PrimeScript one-step RT-PCR kit (TaKaRa). Quantitative reverse transcription-PCR (qRT-PCR) was carried out by using an ABI 7500 real-time PCR system with Power SYBR green master mix (Applied Biosystems). The PCR was set up under the following thermal cycling conditions: 95°C for 10 min, followed by 45 cycles, with 1 cycle consisting of 95°C for 15 s and 60°C for 1 min. Fluorescence signals were recorded by the instrument during the extension phase of each PCR cycle. The semi-qPCR and qRT-PCR were performed by using the following primer pairs: EV71 VP1 forward primer (AGTAT GATTGAGACTCGGTG) and reverse primer (GCGACAAAAGTGAACT CTGC) and ␤-actin forward primer (GAACCCTAAGGCCAACCGT GAA) and reverse primer (CTCAGTAACAGTCCGCCTAGAA). All samples were run in triplicate, and the experiment was repeated three times. The relative mRNA level of EV71 VP1 was expressed as a percentage change relative to the value of the corresponding control.
Western blot and protein-protein coimmunoprecipitation. Western blot analysis was performed as described previously (37) . Briefly, proteins were separated in 15% gradient SDS-polyacrylamide gels and transferred to Hybond-P polyvinylidene difluoride (PVDF) membranes (GE). The membranes were blocked for 2 h with 5% nonfat dry milk solution in Tris-buffered saline containing 0.5% Tween 20 (TBST). They were then blotted with the required specific primary antibodies, followed by incubation with the corresponding secondary antibodies conjugated to horseradish peroxidase. Cellular ␤-actin was employed as an internal loading control protein. The blots were developed with the Western Lightning chemiluminescence kit (NC4109) by following the manufacturer's protocol (Pierce, USA). For protein-protein immunoprecipitation, which was done at 4°C, cell lysates (0.5 mg) were precleared with 20 l of protein A/G-Sepharose beads (Abmart) for 60 min. Nonspecific complexes were pelleted by centrifugation at 10,000 ϫ g at 4°C for 10 min. The supernatants were removed and incubated with either 2.5 g of anti-Sam68 antibody or the isotype control IgG for 60 min before the addition of 20 l of protein A/G-Sepharose beads and incubated for another 60 min in an end-over-end rotor. The immunoprecipitates were pelleted and washed three times with RIPA buffer. After the final wash, the pellet was resuspended in 40 l of 2ϫ SDS-PAGE loading buffer and boiled for 10 min before being analyzed by Western blotting.
Statistical analysis. All data were analyzed by SAS software pack (SAS Institute, Cary, NC, USA). Comparisons between individual data points were made using Student's t test, and P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001 were regarded as statistically significant. Data are shown as means Ϯ standard deviations.
RESULTS
Studies on the interaction of Sam68 with EV71 5=UTR in vitro.
EMSA experiments showed that Sam68 specifically interacted with the EV71 5=UTR. As shown in Fig. 1A , Sam68 bound to the 32 P-labeled EV71 5=UTR, slowing its migration in a nondenaturing gel but not to the control RNA (an unrelated RNA sequence). The 5=UTR of EV71 contains both a cloverleaf structure (nt 1 to 90) and an IRES (nt 91 to 745), as predicted by the MFold software (38, 39) . As shown in Fig. 1B, a 32 P-labeled RNA probe containing the nucleotide sequence from nt 91 to 745 of the EV71 5=UTR was able to bind to Sam68, while another probe containing the sequence from nt 1 to 90 of the EV71 5=UTR did not bind to Sam68. These results indicated that it was the IRES of EV71 5=UTR that interacted with Sam68.
Identification of the Sam68 binding sites in the EV71 IRES. To further identify the RNA sequences in the EV71 IRES that bound to Sam68, serial deletions to individually knock out each of the six stem-loops of the IRES were constructed. Each deletion was made so as not to disrupt the secondary structure of the remaining RNA sequence (Fig. 2A) . PCR was carried out to amplify the cDNA of the EV71 IRES with various deletions. RNA probes corresponding to these deletion constructs for use in the EMSA were then synthesized and labeled at their 5= ends with [␣-32 P]UTP. As shown in Fig. 2B , Sam68 did not interact with the cloverleaf structure (nt 1 to 90) of the 5=UTR, which is consistent with the result presented in Fig. 1B . For sequences within the IRES region, Sam68 did not interact with stem-loop II (nt 129 to 167), stem-loop III (nt 193 to 228), and stem-loop VI (nt 566 to 636). However, it slowed the migration of RNA probes corresponding to nt 91 to 745, nt 167 to 445, nt 167 to 561, nt 167 to 636, and nt 167 to 745, indicating that the Sam68 protein specifically interacted with stem-loops IV and V. These results, plus the fact that the binding of Sam68 to the FMDV IRES during infection could potentially enhance translation of the viral RNA (31), suggested that Sam68 might play important roles in the translation of EV71 proteins.
Identification of the regions in the Sam68 protein that interact with EV71 IRES. Sam68 is a nuclear RNA-binding protein containing two putative RNA binding domains, namely, a RGG box and a KH domain flanked by NK (N-terminal region of KH) and CK (C-terminal region of KH) regions (24, 40) . A NLS has been mapped to the C-terminal tyrosine-rich region of Sam68 (29) . To identify which of these domains within Sam68 is involved in the interaction with EV71 5=UTR, full-length and different truncated forms of DNA constructs of Sam68 were generated to express the corresponding Sam68 proteins fused with the Flag tag ( Fig. 3A) . These Sam68 plasmids were transfected individually into HeLa cells, and the cell lysates were utilized in the RNAprotein pulldown experiments to test their ability to interact with the EV71 5=UTR. The levels of expression of Sam68 (Fig. 3B, lane  13 ) and its truncated forms (Fig. 3B, lanes 1, 4, 7 , and 10) in the lysates were detected by Western blotting using anti-Flag antibody. The results of the pulldown assays (Fig. 3B) showed that the streptavidin beads captured the biotinylated EV71 5=UTR and its associated full-length Sam68 (lane 15), as well as one truncated form of Sam68 (nt 96 to 257) (lane 9), but not the other truncated forms. These results suggested that Sam68 interacted with EV71 5=UTR through a region of Sam68 (nt 96 to 257) which is the KH RNA-binding domain flanked by NK and CK regions.
Relocalization of Sam68 to the cytoplasm during EV71 infection. Sam68 is normally localized in the nucleus, while EV71 replication occurs in the cytoplasm. The above specific interaction of Sam68 with the EV71 5=UTR plus the fact that some viruses in the Picornaviridae family, such as FMDV, poliovirus, and rhinovirus, have been shown to trigger the accumulation of Sam68 in the cytoplasm during infection (30, 31) led us to investigate whether the intracellular location of Sam68 changes as a result of EV71 infection. We compared the distributions of Sam68 in mock-infected and EV71-infected cells at defined times 8 h postinfection (hpi). RD cells and U251 cells were infected with EV71 at an MOI of 3, and their subcellular distribution of the Sam68 protein was analyzed by fluorescence confocal microscopy (at 8 hpi). EV71-infected cells were identified by fluorescence staining with antibody against EV71, and DAPI was used to stain the nuclei. The results showed that in the absence of EV71 infection, Sam68 protein was mainly localized in the nuclei of the cells, while EV71 infection redistributed the Sam68 protein to the cytoplasm, both in RD and U251 cells (Fig. 4A) . The percentage of cells with Sam68 relocalization was increased to 47% in RD cells and 64% in U251 cells (Fig. 4B) . These data suggested that EV71 infection induced the redistribution of Sam68 from the nucleus to the cytoplasm and that Sam68 was retained in the cytoplasm during EV71 infection.
Sam68 interacts with cellular PCBP2 and PABP. PCBP2 and PABP have previously been demonstrated to interact with portions of the EV71 genome (21) and the genomes of other picornaviruses during RNA replication (20, 41) . In our study, we tested whether Sam68 could interact with PCBP2 and PABP to facilitate virus replication during virus infection. As shown in Fig. 5A , confocal microscopy analysis revealed that PCBP2 was predominantly perinuclear cytoplasmic with some nuclear fluorescence in mockinfected cells. However, PCBP2 was mainly redistributed to the cytoplasm with little to no nuclear fluorescence at 5 hpi. The change in subcellular distribution of PCBP2 was mirrored by Sam68. At the same time, some overlap (fluorescent puncta) was observed in EV71-infected cells, which implies that there may be some interaction between Sam68 and PCBP2 during virus infection. Unlike PCBP2, PABP was exclusively cytoplasmic in the cells tested whether the cells were infected with EV71 or mock infected. Although the distribution of PABP in the cytoplasm was not altered during EV71 infection, the diffuse PABP-specific fluorescence coalesced into discrete puncta at 5 hpi. Overlap of the PABP-specific puncta with Sam68-specific cytoplasmic puncta in EV71-infected cells was also observed (Fig. 5B) . Given the data from the confocal microscopy experiments, we also investigated whether Sam68 coprecipitated with cellular proteins PCBP2 and PABP in the context of EV71 infection. Immunoprecipitation reactions were conducted with protein A/G beads coupled with anti-Sam68 in EV71-infected HeLa cell lysates probed for the presence of cellular proteins using anti-PABP or anti-PCBP2 antibody. As shown in Fig. 5C , immunoprecipitation reactions using anti-Sam68 coprecipitated PABP as early as 6 hpi at an MOI of 10. In contrast, coimmunoprecipitation experiments using anti-Sam68 antibodies could precipitate PCBP2 at any time point tested in EV71-infected cells. Despite almost no overlap of fluorescence observed between Sam68 and PCBP2 in mock-infected cells, Sam68 could coprecipitate with PCBP2 in mock-infected cells, which indicates that Sam68 does indeed interact with endogenous PCBP2 in basal conditions.
Studies on the association of Sam68 with EV71 5=UTR in EV71-infected cells. To determine whether Sam68 associates with the EV71 5=UTR in EV71-infected cells, RD cells or HeLa cells incubated with EV71 at an MOI of 3 for 8 h were examined. The cells were lysed, and the RNA-Sam68 protein complexes were immunoprecipitated by either antibody specific to Sam68 or isotype anti-IgG. The RNA isolated from these immunoprecipitates was subjected to RT-PCRs using primers specific to either EV71 5=UTR or RPS16. The results showed that immunoprecipitation with Sam68 antibodies coprecipitated EV71 5=UTR, but not 
FIG 5 Sam68 overlaps with PCBP2 and PABP. Mock-infected and EV71-
infected HeLa cells at 5 hpi were simultaneously probed with mouse anti-PCBP2 (A), mouse anti-PABP (B), and rabbit anti-Sam68 antibodies, followed by goat anti-rabbit secondary antibodies conjugated to FITC (green) and goat anti-mouse secondary antibodies conjugated to TRITC (red). Nuclear material was stained with DAPI (blue). (C) Sam68 coprecipitates with PCBP2 and PABP. Mock-infected HeLa cells or cells infected with EV71 at an MOI of 10 were harvested at 1, 2, 4, 6, and 12 hpi. Whole-cell lysates (WCL) were immunoprecipitated (IP) with agarose beads coupled to anti-Sam68 antibody (␣-Sam68). Bound protein was eluted using a low-pH solution (pH 2.5), and the collected samples were analyzed by Western blotting (WB) probing with anti-PCBP2 and anti-PABP.
RPS16 (Fig. 6) , confirming that Sam68 specifically associated with EV71 5=UTR in EV71-infected cells. No RT-PCR band representing either EV71 5=UTR or RPS16 was detected in immunoprecipitates obtained with the isotype IgG antibody or without antibody. Similarly, using H 2 O as a template in the RT-PCR negative control also did not produce any specific band. The results in Fig. 6 and 1 demonstrated that Sam68 specifically associates with EV71 5=UTR both in vivo and in vitro, respectively.
Effects of Sam68 expression levels on EV71 protein synthesis. Sam68 is a multifunctional RNA-binding protein that has been implicated in both transcriptional and posttranscriptional regulation of gene expression (42, 43) . Sam68 also plays important roles in the life cycle of FMDV and participates in the translation of virus proteins (31) . These facts led us to investigate the importance of Sam68 in the life cycle of EV71, especially in synthesis of virus protein. Knockdown of Sam68 expression using Sam68 shRNA and overexpression of Sam68 in RD cells were employed for these studies. The cells were mock infected or infected with EV71 at an MOI of 1 for 24 h at 37°C. Subsequently, the samples were harvested, and the resulting cell lysates were analyzed by Western blotting and probing with anti-Sam68, anti-EV71 VP1, and anti-␤-actin antibodies. The results obtained with antiSam68 antibody confirmed that Sam68 shRNA reduced the endogenous concentration of Sam68, while it was overexpressed in RD cells transfected with Flag-Sam68 (Fig. 7) . The blot, which was probed with anti-EV71 VP1 antibody to determine whether the reduction or increase of Sam68 affected the production of the virus protein, showed that Sam68 shRNA constructs negatively impacted the production of a virus protein such that it was not detected on Western blots compared to cells transfected with control shRNA or untransfected cells (Fig. 7A , top right Western blots). In contrast, overexpression of Sam68 increased the synthesis of virus protein (Fig. 7B, top right Western blots) . In a separate experiment to determine the effects of knockdown or overexpression of Sam68 on virus production in RD cells, the results showed that transfection of Sam68 shRNA molecules reduced the TCID 50 by approximately 2 log units relative to cells transfected with control shRNA constructs (Fig. 7A, right graph) . Conversely, overexpression of Sam68 significantly increased the TCID 50 by 2 log units in RD cells (Fig. 7B, right graph) . Similar results were obtained when these experiments were repeated in HeLa cells (Fig.  7A and B, left graphs) . These results led us to conclude that Sam68 plays a vital role in the synthesis of EV71 protein, as evidenced from the strong effects that perturbations in Sam68 expression had on the levels of virus protein and on virus titer.
Studies on the role of Sam68 on IRES-dependent translation in EV71-infected cells. IRES-mediated initiation of translation allows the translation of the virus RNA upon EV71 infection (39).
Other studies have also shown that Sam68 can significantly enhance the translation of retrovirus genes by "marking" the viral RNA transcripts (32, (44) (45) (46) . In order to investigate the role of Sam68 on IRES-dependent translation in EV71-infected cells, the effects of knockdown and overexpression of Sam68 on EV71 IRES activity in HeLa and RD cells transfected with either pRHF or pRHF-5=UTR were studied using the dual-luciferase reporter assay kit described in Materials and Methods. The results showed that knockdown of endogenous Sam68 protein with Sam68 shRNA decreased the EV71 IRES activity to 58% (P Ͻ 0.01) of that of the shRNA control in HeLa cells and to 53% (P Ͻ 0.01) of the control in RD cells (Fig. 8A) . In contrast, overexpression of Sam68 protein significantly increased EV71 IRES activity both in HeLa cells to 147% (P Ͻ 0.01) of that of the control cells and in RD cells to 152% (P Ͻ 0.01) of that of the control cells. The CMV-driven transcript is fundamentally distinct from the viral transcription product, which led us to perform direct transfection of bicistronic reporter mRNA. The results of direct transfection of bicistronic reporter mRNA indicated that Sam68 knockdown decreased the EV71 IRES activity to 79% (P Ͻ 0.01) of that of the shRNA control in HeLa cells and to 76% (P Ͻ 0.01) of the control in RD cells (Fig.  8B) . In contrast, overexpression of Sam68 protein significantly increased EV71 IRES activity in HeLa cells to 121% (P Ͻ 0.01) of that of the control cells and in RD cells to 125% (P Ͻ 0.01) of that of the control cells. In addition, monocistronic mRNAs that contained the EV71 5=UTR were alternatively transfected into cells, and the FLuc activity was measured after cells were either knocked down or overexpressed. The knockdown of endogenous Sam68 protein decreased EV71 IRES activity to 53% (P Ͻ 0.01) of that of the control in HeLa cells and to 51% (P Ͻ 0.01) of that of the control in RD cells. The overexpression of Sam68 increased EV71 IRES activity to 133% (P Ͻ 0.01) of that of the control in HeLa cells and to 141% (P Ͻ 0.01) of that of the control in RD cells (Fig.  8C) . These data suggested that the nuclear protein Sam68 positively regulated the translation of EV71 RNA in an IRES-dependent manner during EV71 infection.
Effects of downregulation of Sam68 on the replication of
FIG 6
The 5=UTR of EV71 was pulled down with Sam68 from EV71-infected cell extracts. After HeLa cells or RD cells were infected with EV71 at an MOI of 3 for 12 h, the cell extract was collected and immunoprecipitated with either anti-Sam68 antibody or isotype anti-IgG. Following washing and dissociation, the RNA was extracted using TRIzol reagent and subjected to RT-PCR using primers that were specific to either EV71 5=UTR or ribosomal protein S16 (RPS16). RNA was also extracted from cell lysates without immunoprecipitation (lanes 1 and 6) and used as RT-PCR controls. Anti-Sam68 antibody was incubated with 100 mg of infected-cell lysate and then subjected to RNA extraction and RT-PCR analysis (lanes 2 and 7). Corresponding precipitations with isotype anti-IgG or without antibody were performed and used as negative controls (lanes 3, 4, 8, and 9). Double-distilled H 2 O was substituted as a template and used as a RT-PCR negative control (lanes 5 and 10). Sam68 protein binds to the EV71 5=UTR, but not to the control RNA (RPS16), suggesting that the binding is specific.
EV71 genome. To examine whether Sam68 plays any roles in viral RNA synthesis, RD cells and HeLa cells were transfected for 48 h with either Sam68 shRNA or control shRNA or not transfected and then infected with EV71 at an MOI of 3. Viral RNA was extracted at various times postinfection, and RT-PCR using a specific primer against EV71 VP1 gene was employed to measure viral RNA synthesis. Cellular ␤-actin RNA was also amplified to serve as an internal control. The results showed that although Sam68 was significantly knocked down by its specific Sam68 shRNA compared to cells treated with control shRNA, the amount of EV71 genome in the Sam68 shRNA-treated cells was similar to those in the shRNA-treated and untransfected control cells (Fig.  9A) . To further identify a role of Sam68 in EV71 genome replication, the EV71 mRNA level in each sample (at 24 hpi) was measured by qRT-PCR and normalized to that of cellular ␤-actin. The results showed that neither the EV71 mRNA levels in the control shRNA nor that of the untransfected cells differed from that of Sam68 shRNA-treated cells (Fig. 9B ). Both these results suggested that silencing of Sam68 did not have any significant inhibitory effect on the accumulation of EV71 genome.
DISCUSSION
As a consequence of the limited coding capacity of its genome, a virus has to use a variety of cellular proteins and alter its cellular location frequently to complete its life cycle (21, 39, 47) . Knowledge of the interactions between a virus and its host factors could offer insights into viral and cellular functions and provide new antiviral targets for disease control. The identification of such interactions and the associated host factors is thus a major frontier in virology (48, 49) . In this study, we provided new evidence indicating that the host factor, nuclear protein Sam68, was relocalized to the cytoplasm during EV71 infection and interacted with the IRES of EV71 5=UTR. Sam68 has almost no effect on the replication of the virus genome. However, knockdown of Sam68 repressed the synthesis of virus protein and reduced EV71 titer. Conversely, overexpression of Sam68 increased the expression of virus protein and EV71 yield, suggesting that Sam68 might be a host factor involved in the positive regulation of IRES-dependent translation of EV71 RNA during infection. These observations, in conjunction with previous reports demonstrating that FMDV (31) and poliovirus (30) induced the redistribution of Sam68 and its involvement in the life cycles of these viruses suggested that Sam68 might have two roles in EV71 infection: Sam 68 may play one role by positively regulating viral RNA translation to support virus replication when redistributed to cytoplasm (Fig. 10 ) and may have a second role involved in signal transduction due to its protein-and RNA-binding properties (50) . During EV71 infection, the viral proteases 2A and 3C cleave cellular proteins, including the translation initiation factor eIF4G, causing rapid termination of the host's cap-dependent translation and initiation of IRES-mediated viral RNA translation (51) . IRESdependent translation depends on both canonical translation initiation factors and IRES-specific trans-acting factors (ITAFs) which interact with various IRES elements to regulate their activities by affecting ribosome recruitment or modifying the structure of the IRES itself (39, 47, 52) . Sam68 can now be added to the list of noncanonical host factors already reported that interact with the IRES elements of various picornaviruses (13, 53) , such as FMDV. In order to investigate regulation of the EV71 IRES-dependent translation by Sam68, the FLuc reporter plasmid was used to evaluate the EV71 IRES activity. The FLuc/RLuc ratio obtained following DNA transfection may also be related to the use of a cryptic promoter in the IRES sequence. The results of EV71 IRES activity were consistent with those of a bicistronic construct in FMDV (31) . With regard to this study, we found that indicated Sam68 shRNAs or control shRNA for 48 h. Cells were then either mock infected or infected with EV71 (MOI of 3) for 24 h, and then the cellular RNA and viral genome were extracted. EV71 VP1 mRNA was measured by RT-PCR (semi-qPCR) for 20 cycles, and cellular ␤-actin mRNA levels were used as loading controls. (B) EV71 VP1 mRNA was quantified by qRT-PCR at 24 hpi, and cellular ␤-actin mRNA was used as an internal control. The mRNA level of EV71 VP1 was calculated relative to mRNA of ␤-actin gene, and the value of the untransfected cells was set at 1. Data were from three independent experiments, and the values are means Ϯ standard deviations (SD) (error bars).
FIG 10
Schematic representation of the nuclear protein Sam68 involved in viral protein translation. EV71 binds to a cellular receptor, and the genome is released into the cytoplasm. EV71 infection triggered the redistribution of Sam68 to the cytoplasm, and then Sam68 binds to 5=UTR of genomic RNA and positively regulates EV71 IRES activity to promote the synthesis of EV71 proteins. The polyprotein is co-and posttranslationally processed to produce the various precursors and processed proteins that are needed for EV71's life cycle.
Sam68 specifically interacted with two stem-loop regions of the EV71 IRES (Fig. 2B) . More importantly, the interaction between Sam68 and EV71 IRES made some positive contribution to IRES activity. This can be interpreted from the decreased IRES-driven reporter gene expression in both HeLa cells and RD cells, along with the reduced cellular levels of Sam68. Our findings from the in vivo assay suggested that overexpression of Sam68 could significantly enhance the synthesis of EV71 virus protein and virus titer. The significant reduction in virus protein and titer resulting from the knockdown of available Sam68 implied that the roles of Sam68 in the EV71 life cycle may not be limited to augmentation of viral RNA translation. In addition to stem-loop V (nt 453 to 561), Sam68 also interacted with nt 242 to 445 of the EV71 5=UTR. Based on the RNA secondary structure predicted by Mfold software, nt 242 to 445 may form stem-loop IV within the IRES, which is crucial for viral protein synthesis. All the results revealed that knocking down Sam68 expression reduced EV71 IRES activity, while the upregulation of Sam68 expression increased EV71 IRES activity (Fig. 8) . These results further suggested that Sam68 is involved in IRES-dependent translation of virus protein.
It has been reported that Sam68 takes part in the formation of both nuclear and cytosolic multimolecular complexes with viral RNA (26, 32, 46, 54) and that Sam68 could directly interact with the 40S ribosomal protein S3a (RPS3A) and the 60S acidic ribosomal protein P0 (RPLP0) (55) . The translation initiation factor eIF3 and the ribosomal proteins L7, S3, S4, and S7 could also be involved in the mechanism of Sam68-dependent regulation of mRNA translation (56) (57) (58) . In addition, we found that Sam68 could interact with cellular factors, such as PCBP2 and PABP, to facilitate virus replication. We therefore wonder whether Sam68 facilitates intramolecular annealing reactions in EV71 IRES for the latter to form a proper and stable structure required for the binding of the 40S ribosome and thus promotes the IRES-dependent translation of the EV71 genome. The formation of such a structure may also have a role in recruiting cellular proteins needed for the replication of EV71.
After confirming the interaction between EV71 5=UTR and Sam68 in vitro by an EMSA, their association with each other in vivo was further demonstrated. Our work utilized a biotinylated RNA-protein pulldown assay to provide a comprehensive view of different truncated isoforms of Sam68 that were associated with the EV71 5=UTR. The streptavidin beads captured the biotinylated EV71 5=UTR and its associated full-length Sam68 (nt 1 to 443), as well as one truncated form of Sam68 (nt 96 to 257), but not the other truncated forms tested. It demonstrated that the binding of Sam68 to EV71 5=UTR was specific. The binding of Sam68 to biotinylated EV71 5=UTR was not competitively eliminated by nonspecific RNA. Our results suggested that Sam68 interacted with EV71 5=UTR via regions that at least included the KH, NK, and CK RNA-binding domains. Although the KH domain is conserved in the STAR proteins and is the major determinant for binding to RNA (59), the NK region and CK region are requisite for the binding of Sam68 to EV71 5=UTR. In order to further investigate the binding of Sam68 to EV71 5=UTR during virus infection, immunoprecipitates were pulled down from EV71-infected cells with anti-Sam68 antibody and then subjected to RT-PCR to detect the existence of the 5=UTR. As expected, immunoprecipitation with anti-Sam68 antibodies coprecipitated EV71 5=UTR, but not the control RNA (RPS16), suggesting that the association of Sam68 with EV71 5=UTR in EV71-infected cells was specific. These results confirmed that Sam68 was associated with EV71 5=UTR through a distinct interaction both in vitro and in vivo.
Sam68 is a nuclear RNA-binding protein implicated in various aspects of RNA metabolism, including splicing, nuclear export, somatodendritic transport, and translation (32, 43) . Sam68 is localized primarily in the nucleus and dictated by a nonconventional NLS embedded in the last 24 amino acids of the C-terminal region of the polypeptide (29) . However, EV71 replication occurs in the cytoplasm and is dependent on multiple host factors. Since the Sam68 protein accumulates mostly in the nuclear compartment, an important question is how could a nucleus-localized host protein interact with EV71 5=UTR in the cytoplasm and modulate virus replication. This led us to investigate the possibility for the redistribution of Sam68 to the cytoplasm and its involvement in the virus life cycle. Similar to other picornavirus infections, such as those of FMDV (31) and poliovirus (30) , our work indeed revealed that Sam68 was localized mainly in the nucleus in mockinfected cells, whereas the protein was found mainly in the cytoplasm of EV71-infected cells at 8 hpi (Fig. 4) . This is consistent with previous reports showing that other host factors, such as hnRNP K (21), FBP1, FBP2 (47) , and hnRNP A1 (39), were found to redistribute from the nucleus to the cytoplasm and associate with the EV71 IRES following infection with EV71. The ability of a host factor to control IRES-dependent translation initiation is dependent on its subcellular localization (60) . Thus, we hypothesized that the redistribution of Sam68 to the cytoplasm is an absolute requirement for IRES-dependent translation. Therefore, we conclude that Sam68 promotes EV71 replication via binding to the 5=UTR and positively regulates translation of virus protein.
Although the current data provide a hypothetical model for the "hijacking" of Sam68 by EV71, many questions remain unanswered, and the model will certainly undergo further refinement. The exact mechanism of redistribution of Sam68 has yet to be elucidated. It would be of interest to further determine whether EV71 infection affects the nuclear import and/or export signaling pathways that control the subcellular redistribution of Sam68. Although we found that Sam68 specifically interacted with two regions of the EV71 IRES, nt 242 to 445 and nt 453 to 561, with the KH domain, the precise mechanism by which Sam68 enhances the translation of virus protein needs to be delineated. In addition, considering the diverse cellular functions attributed to Sam68 as well as the significant reduction in virus amplification in cells treated with Sam68 shRNA constructs, it is likely that the "hijacked" Sam68 may fulfill multiple distinct roles in the life cycle of EV71, all of which need further investigation.
In conclusion, we have identified the nuclear protein Sam68 as an additional new host factor that is redistributed to the cytoplasm during EV71 infection. These data indicated that the binding of Sam68 to the EV71 IRES during infection could potentially enhance the translation of virus protein. To our knowledge, this is the first report that describes Sam68 actively participating in the life cycle of EV71 in molecular details. These studies will not only improve our understanding of the replication of EV71 but they also have the potential to help develop a therapeutic strategy against EV71 infection.
ACKNOWLEDGMENTS
This work was supported by grants from the National Basic Research Program of China (973 Program) (grants 2011CB504703 and 2010CB530102) and the National Natural Science Foundation of China (NSFC) (grants 81321063, 31370201, 31300145, and 31270211).
We are grateful to Paul Chu (Institute of Microbiology, Chinese Academy of Sciences) for critical reading of the manuscript. We also thank Fulian Liao for assistance with cell culture, Xiaolan Zhang for assistance with confocal microscope analysis, and Weihua Zhuang for kindly helping with manuscript preparation.
We declare that we have no conflicts of interest.
